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Abstract 
The photovoltaic properties of (0001) n-InGaN/p-GaN single heterojunctions were 
investigated numerically and compared with those of conventional 
p-GaN/i-InGaN/n-GaN structures, employing realistic material parameters. This alternative 
device architecture exploits the large polarization fields, and high efficiency modules are 
achieved for In-rich, partially relaxed and coherently strained InGaN films. Conversion 
efficiencies up to 14% under AM1.5G illumination can be reached, revealing the true 
potential of InGaN single junction solar cells with proper design. 
 
keywords: Indium gallium nitride (InGaN), photovoltaic cell, polarization, epitaxial 
semiconductor layer, solar cell. 
 
 
 
1. INTRODUCTION 
 
Ternary indium-gallium-nitride (InGaN) alloys are the main building blocks for light-
emitting diodes (LEDs) and laser diodes. Their inherent properties, such as their direct band 
gap, tunable from 0.64 to 3.38 eV [1], [2], high absorption coefficient [3], [4] and radiation 
resistance [5] also make InGaN compound semiconductors an excellent candidate for 
photovoltaic applications. Despite the superior properties of InGaN, there are still many 
roadblocks to achieving high-efficiency solar cells. One bottleneck limiting the performance 
of such devices arises from the potential barrier in the GaN/InGaN hetero-interface due to the 
electron affinity difference between InN and GaN [6]. Another important factor influencing 
the photovoltaic properties of III-nitride solar cells is the existence of significant interface 
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charges induced by spontaneous and piezoelectric polarizations [7]–[9]. A method to 
overcome these constraints is by using InGaN homojunction structures instead of InGaN/GaN 
heterostuctures. Although InGaN homojunction devices are predicted to achieve greater 
photovoltaic properties than their heterojunction counterparts [10], experimental evidence 
proved the opposite mainly due to the difficulty of growing high quality p-InGaN layers 
[11]. It was not until very recently that p-i-n InGaN homo-junctions with high indium content 
and reduced stacking fault density were reported [12], underling that there is still a lot to be 
done towards efficient InGaN-only photovoltaics. 
 Until now, most of the research development on InGaN solar cells is based on the 
fundamental double-heterojunction design of III-nitride LEDs, consisting of a bulk intrinsic 
InGaN layer or GaN/InGaN multiple quantum wells grown on n-type GaN, capped with a  
p-GaN layer [13]–[18]. In such configurations, the polarization charges at the hetero-
interfaces generate a huge electrostatic field, whose direction is against the built-in electric 
field of the junction and, consequently, the efficient collection of photo-generated carriers is 
impeded [7], [8], [19]. Thus, the most challenging issue dealing with p-on-n structures is to 
mitigate the polarization-induced electric field. The polarization effect can be effectively 
suppressed by inserting step-graded [20] or compositional graded layers between hetero-
interfaces [21], but both approaches require highly doped (5×1018 cm−3) p-type InGaN 
regions, which is practically very difficult to realize, especially in the case of compositional 
graded p-InGaN.  
 As an alternative to avoid the abovementioned limitations and exploit the polarization 
effect, the use of n-i-p structure instead of the conventional p-i-n structure has been proposed 
[9], [22]. One major advantage of the p-side down architecture is that the polarization-induced 
electric field is in favor of the efficient carrier extraction, not against it, leading to high device 
performance. Such architectures using the polarization effect have already been employed at 
Ga-polar III-nitride LEDs [23], but on InGaN based solar cells only a few reports exist, 
focusing only on specific aspects of this design from a theoretical point of view. In this paper, 
to shed light on the non-conventional p-side down design and explore its potential for high-
efficiency InGaN-based photovoltaic devices, Ga-face n-InGaN/p-GaN heterojunctions were 
investigated numerically and compared with the conventional p-GaN/i-InGaN/n-GaN 
structures, using realistic material parameters, attainable with the current status of InGaN 
alloy epitaxy.  
 
2. SIMULATION PARAMETERS 
 
In the simulations, Poisson equation, current continuity equations, scalar wave 
equation and photon rate equation, were solved self-consistently, employing the finite-
element analysis software APSYS [24]. For the calculation of the energy bands the 6×6 k ∙ p 
model developed by Chuang and Chang for strained wurtzite semiconductors [25], [26] was 
considered, whereas incident light transmission and absorption were treated using transfer 
matrix method. Bound sheet charge density, induced by spontaneous and piezoelectric 
polarization, for single and double heterojunctions was calculated according to Fiorentini  
et al. [27] depending on the strain state of the films, while, in the case of graded composition 
layer the immobile volume charge density was extracted from the differential form of Gauss’s 
law [28]. The strain state in the simulations, and consequently the amount of fixed 
polarization charges, was described by the quantity R which represents the percentage of 
plastic relaxation of the films. The values of relaxation (R) studied were 100% for the fully 
relaxed case, 50% for partially relaxed and 0% for coherently strained layers. 
The values of the dielectric constant and electron (hole) effective masses for GaN and 
InN are taken from [6] and their corresponding values for InGaN were determined using a 
linear interpolation between GaN and InN values. Regarding minority carrier lifetime, 
experimental values reported for high quality bulk GaN and InN are in the range of 6 and  
5 ns, respectively [29], [30]. Due to the lack of experimental data for the minority carrier 
lifetime of InGaN alloys, the realistic and widely used [6], [7], [9], [10], [21], [22] in 
theoretical studies in InGaN-based solar cells value of 1 ns was assumed. In the simulations, 
the effect of radiative and Auger recombination is also considered. The radiative 
recombination coefficient values are calculated by linear interpolation between GaN and InN 
values taken from [31] and [32], respectively, whereas the Auger recombination rates for 
electrons and holes are taken from [33].  The doping dependent electron and hole mobilities 
for GaN and InN were calculated using the well-known Caughey-Thomas approximation [34] 
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where i= n, p for electrons or holes respectively, and N is the carrier concentration. The 
parameters μmax, μmin, Ng,i and αi depend on the type of the semiconductor material and their 
values for GaN and InN can be found in [6]. For the InGaN case, mobilities were also 
determined by linear interpolation between GaN and InN values. 
Among the parameters influencing the performance of a solar cell, band gap energy, 
absorption coefficient and refractive index are of outmost importance. In order to simulate 
InGaN-based photovoltaic devices more realistically, InxGa1-xN alloys in the entire 
composition range were epitaxially grown on commercial free-standing GaN by plasma-
assisted molecular beam epitaxy. The growth conditions of the films can be found in [35]. 
The InN mole fraction (MF) was determined by high resolution X-ray diffraction 
measurements using a Bede D1 triple-axis X-ray diffractometer, whereas the optical dielectric 
functions (absorption spectra and refractive index dispersion relations) of the alloys were 
obtained from the analysis of the spectroscopic ellipsometry data acquired using a rotating 
analyzer J.A. Woolam VASE. The dielectric functions of the InGaN thin films were modeled 
employing Herzinger-Johs critical point generalized oscillator functions in order to achieve a 
Kramers–Kronig consistent description. Further information about the ellipsometric data 
analysis is beyond the scope of the present paper and will be reported elsewhere. The 
resulting absorption coefficient spectra as well as the wavelength-dependent refractive indices 
of GaN and InxGa1-xN films used in the simulations are presented in Fig. 1. 
 
 
Fig.1.  (a) Refractive index dispersion relations and (b) absorption coefficient spectra of GaN substrate and 
InxGa1-xN films used in the simulations, as extracted from the ellispometric data analysis.  
Also, from the abovementioned analysis the bandgap energy of the films was derived 
and it was found that the composition dependence of the strain-free band gap at room 
temperature in the entire composition range is well expressed by a bowing parameter of 
b=1.67±0.09 eV. This value is in good agreement with the ab initio calculated bandgap 
dependence for uniform (not clustered) InGaN alloys [36]. Finally, the conduction/valence 
band-offset ratio was set to be 0.7/0.3 [37]. 
 
3. RESULTS AND DISCUSSION 
A. Comparison Between p-i-n and n-p Structures 
 
The typical p-GaN/i-InGaN/n-GaN solar cell structure investigated in the simulations 
was slightly different than the one reported in [16], since the doping concentration of the 
bottom n-GaN in the cases studied was 1×1018 cm−3 instead of 2×1018 cm−3. The carrier 
concentration of the 200 nm i-InGaN was chosen to be 5×1016 cm−3 and 5×1017 cm−3, since it 
is difficult to grow InGaN layers with low background electron concentration due to its strong 
propensity to be unintentionally n-type doped [38], while the InN MF spanned a range of 0.1 
to 0.4. Regarding the n-p structure, it was consisted of a 2 μm thick p-type GaN substrate 
followed by a 200 nm n-InGaN layer on the top. The hole concentration of the p-GaN was 
chosen to be 5×1017 cm−3, which is a typical value for commercial p-type GaN substrates. 
InGaN doping levels and InN MF investigation range remained the same as the conventional 
 
 
Fig.2.  Calculated AM1.5G conversion efficiency versus alloy composition for p-i-n and n-p solar cells under 
different strain-states and when no polarization charges are taken into account. Typical reported measured 
efficiencies of p-GaN/i-InGaN/n-GaN are also plotted for comparison. 
 
 
 
 
 
 
 
case, permitting direct comparison. Both structures were tested under identical solar 
irradiance conditions (1 sun, AM1.5G) for both front and back illumination, for three different 
strain-states (coherently strained, fully and partially relaxed). The non-polar case was also 
examined. 
In Fig. 2 the conversion efficiency is presented as a function of InN MF for the two designs 
under various degrees of relaxation, as well as for the case where no polarization charges are 
considered. It should be noted that all values in Fig. 2 are for InGaN electron concentration 
5×1017 cm−3. Also, the values for the polar structures are under the optimum illumination 
conditions, meaning that the p-i-n structure is more efficient when illuminated from the top, 
whereas the n-p when illuminated from the back. This can be explained by the measured 
wavelength-dependent refractive index curves illustrated in Fig. 1. To maximize the 
efficiency of a solar cell, the layer-stacking sequence should be from low to high refractive 
index values, for enhanced absorption and light trapping. In the p-i-n architecture the high 
refractive index material (i-InGaN) is between lower refractive index materials (p and n-
GaN), so the direction of incident light is not so crucial. However, in the p-side down design 
under back illumination, the refractive index gradient (from low to high values) is beneficial 
for efficiency, whereas under front illumination the reflection losses are greater. 
In non- polar structures, as depicted in Fig. 2, an increase in conversion efficiency 
with indium content was observed due to the bandgap lowering, which leads to enhanced 
absorption of the InGaN film. For InN MF greater than 0.2, the efficiency decreases abruptly. 
In such polarization-free structures, the efficiency drop with indium composition can be 
explained by the potential barrier at the GaN/InGaN hetero-interfaces, arisen from the large 
electron affinity difference between GaN and InN, which increases with indium content and 
thus impedes carrier transport across the device. In a polar p-i-n solar cell, polarization 
charges along with the inherent affinity-driven barrier at the GaN/InGaN interface deteriorate 
the photo-generated carrier collection, an effect which is more pronounced for higher InN MF 
(required for high efficiency III-nitride solar cells) or/and strain degrees [7]–[9]. In 
comparison to these theoretical predictions, in Fig.2 typical reported measured conversion 
efficiencies [8], [11], [13], [14] of p-GaN/i-InGaN/n-GaN devices, with relevant 
heterostructure characteristics, are shown. The good agreement observed emphasizes the fact 
that polarization-induced electric field is the major limiting factor in the current status of  
InGaN-based photovoltaic devices, rather than the material quality, as often attributed to. 
Typical conversion efficiency values are shown in Fig.2, for partially and fully relaxed 
as well as coherently strained InGaN films. As seen, the indium content and the strain-state 
have the opposite effect on the efficiency when the n-on-p architecture is employed, reaching 
~11% for the In0.4Ga0.6N film under partial relaxation and coherently strained case. To 
elaborate on this huge efficiency difference between p-i-n and n-p structures, the energy band 
diagrams along with the three types of recombination considered (Shockley-Read-Hall 
(SRH), radiative and Auger) are plotted in Fig. 3, for partially relaxed InGaN layers with 40% 
indium content. As seen in Fig. 3(a), in the p-GaN/i-InGaN/n-GaN stacking sequence, the 
conduction and valence band in the absorbing layer are tilted in a direction detrimental for 
efficient carrier collection. Photo-generated electrons and holes drift towards the  
p- and n-region, respectively, and consequently recombine before contributing to the current. 
The origin of such band-bending is the polarization-induced electric filed, which not only 
compensates the normal built-in field of the junction since they have opposite directions, but 
severely overcomes it with its great magnitude upon increasing InN MF or/and decreasing 
plastic relaxation percentage of the films [9], [20], [21]. Also, in such designs, as the indium 
content or/and strain degree rises, the escalating positive polarization charges at the p-
GaN/InGaN hetero-interface create an additional potential barrier. The conduction band at the 
hetero-interface is pulled down approaching the Fermi level and at high polarization charge 
densities eventually touches or ever lies below Fermi level, totally preventing carrier 
extraction [9]. A characteristic example describing the above problems and explaining the low 
 
 
Fig.3.  (a) Energy band diagram of a conventional p-i-n InGaN-based solar cell compared with (b) that of n-p 
structure. Their corresponding recombination rates are presented at (c) and (d), respectively. 
 
 
 
 
 
 
 
performance of GaN/InGaN double heterojunction solar sell is presented in Fig. 3 (a) and (c). 
In contrast with p-i-n double heterojunction, n-p design possesses completely different 
characteristics. Now, the direction of polarization-induced electric field is in the opposite 
direction compared to the typical stacking sequence, enhancing the normal build-in field of 
the junction as the InN MF or/and strain degree increases, and, thus, the energy band-bending 
is in favor of carrier collection, as illustrated in Fig. 3(b). Additionally, the negative 
polarization sheet charges at the p-GaN/InGaN hetero-interface, whose density is augmented 
with indium content and strain-state, diminish the potential barrier due to affinity difference, 
improving further the photo-generated carrier extraction. In Fig. 3(d), recombination rates are 
presented for the In0.4Ga0.6N film case with R=50%. As demonstrated, the prevailing 
recombination mechanism, SRH, has a recombination rate at least three orders of magnitude 
lower than in the conventional structure, clarifying the enormous difference at the conversion 
efficiency values. However, a sharp drop in the efficiency is observed in Fig. 2, for 40% 
indium content film when it is fully relaxed. At such InN MF, the affinity-induced barrier is 
high enough and the polarization charge density at the interface is not adequate to reduce it, 
limiting the efficient carrier collection, as will be further investigated in the following section. 
To elaborate on the strength of the polarization-induced electric field in the InGaN 
layer, the total polarization bound charge density at the InGaN/GaN interface due to the 
difference is spontaneous polarizations and the InGaN piezoelectric contribution, is plotted in 
 
 
Fig.4.  The calculated total polarization-induced charges at the InGaN/GaN interface versus InN MF and 
relaxation status based on [27]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4, as a function of the alloy layer InN MF and lattice relaxation. As observed, the bound 
charges are negative in almost all cases. Therefore, for n-p architecture the induced field is 
aligned to the built-in field of the junction and consequently benefits the carrier collection 
efficiency. However, this effect is decreasing monotonically with lattice relaxation. The 
importance of R on the performance of high indium content solar cell modules will be 
examined in details in the next sections.     
 
B. Doping and Thickness of InGaN layer 
 
  Based on the previous results, high efficiency InGaN photovoltaics can be achieved by 
adopting a simple n-p architecture, avoiding complex structures and high p-type doping 
concentrations which are difficult to realize. In order to explore the true potential of this 
structure, additional simulations series were performed. The InN MF range was expanded up 
to 0.62 and the fully coherent InGaN films case was also considered. Different InGaN doping 
 
 
Fig.5.  (a), (c), (e) Conversion efficiency values of the single heterojunction n-p InGaN solar cell versus InN MF 
at different InGaN electron concentrations for 200 nm thick film coherently strained, partially and fully relaxed, 
respectively. (b), (d), (f) Energy band diagrams corresponding to the highest efficiency recorded for each case 
presented at (a), (c) and (e). 
 
 
 
 
 
 
 
levels are studied, as well as different thicknesses, to reveal the optimum features that a high 
efficiency n-InGaN/p-GaN photovoltaic module should have. 
The evolution of conversion efficiency for various InGaN doping concentration values 
and relaxation statuses upon increasing indium content of the films are illustrated in Fig. 5(a), 
(c) and (e) along with their corresponding band diagrams for the highest value for each case 
of (b), (d) and (f) respectively. As depicted in Fig. 5(a), (c) and (e) electron concentration of 
the InGaN absorbing layer does not play a significant role in the performance of the solar cell 
for the values studied here. This is another advantage of the n-p design. These structures are 
not relying on the doping dependent diffusion but on the field dependent drift process. Since 
the total electric field of the junction takes huge values mainly due to the polarization, doping 
does not seriously affect conversion efficiency. By adopting this design, the requirement for 
low n-doping levels, which are challenging in InGaN epitaxial layers, is relaxed. 
  Relaxation status is one of the most crucial parameters that dictate n-p solar cell 
performance. When films are fully strained, the efficiency monotonically increases with InN 
MF and reaches approximately 12% for 50% indium composition. For higher indium 
contents, the magnitude of valence band offset is sufficient enough to prevent carrier 
collection resulting to efficiency deterioration. As the InGaN films relax the effect of the 
affinity-driven potential barrier is more prominent, resulting to efficiency degradation and to a 
shift of the maximum values towards lower indium compositions. On partially and fully 
relaxed cases, the polarization charges at the hetero-interface have the adequate density to 
moderate the valence band offset up to 0.4 and 0.3 InN MF values respectively. Beyond that 
indium contents affinity barrier prevails, hindering the photo-generated carrier collection.  
Another parameter of utmost importance for the efficiency of a solar cell is the 
thickness of the absorbing layer. In Fig. 6, the maximum conversion efficiency values 
recorded for each case of indium content are presented as a function of InGaN thickness. The 
doping concentration of the films in this case was 5×1016 cm−3 for the non-polar structures 
whereas for the polar it was 1×1017 cm−3. As illustrated, the conversion efficiency in all cases 
increases upon elevated absorbing layer thickness. For indium compositions 10 and 20%, 
non-polar n-InGaN/p-GaN solar cells are performing better compared to their polar 
counterparts but, in order to absorb a wider part of the solar spectrum, films with higher InN 
MF are required. In such cases, the conversion efficiency can be enhanced only by using 
coherently strained layers. Under this relaxation status, efficiencies are greater than 8%, for 
In-rich films of 200 nm or more. Especially for a coherently strained 300 nm thick In0.5Ga0.5N 
film, efficiency reaches 14%.  
 4.  CONCLUSIONS 
 
  The photovoltaic operation of single (n-InGaN/p-GaN) and double (p-GaN/i-InGaN/ 
n-GaN) heterojunction structures was theoretically studied. The effects of InN mole fraction, 
layer thickness, strain state and doping levels on the conversion efficiency of the cells were 
considered. The importance of the polarization charges in reducing the barrier at the 
InGaN/GaN interface and in increasing the photo-generated carrier collection is revealed. In 
the case of single heterojunctions, the efficiency monotonically increases for indium mole 
fractions up to 0.5 when the InGaN film is coherently strained on the GaN substrate, whereas 
it could be maintained at high values even if the InGaN layer is partially relaxed for mole 
fractions up to 0.4. Also, it was found that the InGaN n-doping concentration does not 
significantly affect the photovoltaic efficiency, whereas a conversion efficiency up to 14% can 
be reached for the case of a 300 nm, coherently strained In0.5Ga0.5N absorbing layer.  
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Fig.6.  Best conversion efficiency values achieved by employing n-p architecture versus InGaN film thickness for 
different InGaN alloy compositions. 
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